Abstract The grinding wheel active surface (GWAS) condition assessment after the grinding processes is one of the crucial elements of diagnostics of abrasive tools used in modern production industry. At present there exist a number of measurement methods which facilitate such evaluation (e.g. stylus, optical, pneumatic). These may include also imaging methods using the scanning electron microscopy (SEM). This paper presents and discusses a proposal for obtaining additional information concerning the GWAS condition based on the acquired, properly processed, and computer-analyzed SEM micrographs. In the experimental investigations SEM micrographs of the selected GWAS areas with abraded vertexes and microsmearings of the abrasive grains active vertexes, macrosmearings of grains and intergranular spaces, as well as intergranular spaces filled with sulfur introduced during the impregnation process were acquired. For acquisition the scanning electron microscope JSM-5500LV by JEOL Ltd.
Introduction
Assessment of the grinding wheel active surface (GWAS) [2, 6, 16, 22] constitutes one of the crucial diagnostic problems concerning abrasive tools used in modern machining processes [23] . It allows for proper assessment of the grinding wheel durability period and for wear analysis of its component mechanisms. The GWAS condition after completion of the machining process is a primary, and invaluable, source of information (concerning, e.g. modification of the tool structure or of the process itself) which influences the course, and effects, of the machining process. To successfully interpret the results obtained from the machining process, a proper assessment, either quantitative or qualitative, of the GWAS's condition should be carried out. The first case is related to a general visual analysis of the abrasive tool surface (e.g. detection of defects and identification of areas smeared with the machined material). In the latter case the analysis leads to determination of the parameters describing the examined surface characteristics. Such an analysis allows for, among other things, calculation of the number of abrasive grain active vertexes, the porous capacity (free intergranular spaces), and the level of GWAS porosity.
Numerous measurement methods are used in the assessment of the GWAS condition [5, 8, 18] , the standard approach is to use the stylus profilometer method [1, 20] , and with their help, a large number of parameters describing the GWAS condition can be obtained utilizing a registered profile, or microtopography. This may be a useful assessment criterion, especially in routine measurements realized in laboratory or industrial conditions. In many research applications, one measurement method may, however, be insufficient. In cases of special interest, a few methods should be used, especially if the assessment is to be thorough. Stylus methods can thus be supported by optic (e.g. laser scatterometry [11, 14] ), optical profilometry [15, 19] , interferential microscopy [13, 26] , confocal laser scanning microscopy [7, 21] , or imaging methods (e.g. scanning electron microscopy, SEM [3, 20] ). The latter of these methods, in this context, is the most frequently used because of its various advantages, including high angular resolution, large depth of field, high-quality image capture, the possibility to change magnification and scan large surfaces quickly or to obtain a diffraction image (identifying the crystalline structure) and finally, performing elemental analysis of the material using the energy dispersive X-ray spectroscope module (EDS) coupled with the microscope.
Assessment of the GWAS condition after the grinding process
The GWAS during the grinding process is influenced by the tool component wear processes: those relating to the abrasive grains and the bond. The most important wear processes include the abrasive and fatigue resistance wear [9, 10, 17, 25] , which can be further divided as follows:
• abrasive wear of the abrasive grains active vertexes;
• abrasive wear of the bond at the point of contact with the workpiece; • fatigue wear of the abrasive grains resultant from mechanical and thermal shock loads; • fatigue wear of the bond-bridges;
• fatigue wear on the phase border between the abrasive grain and the bond-bridge; • smearing of the grains vertexes and the intergranular spaces with ground elements from the workpiece.
What occurs most frequently in the optimized machining processes is the progressive abrasion of the active abrasive grains vertexes, which is accompanied by bond abrasion. In the case of high efficiency grinding processes, the grinding wheel is subject to considerable greater mechanical and thermal strain. As a result, the fatigue wear can become the dominant type. It is usually characterized by intensive volumetric wear of the grinding wheel and changes to the tool diameter.
The optical properties of SEM micrograph analysis make it the most useful method in assessing the results of abrasive grain, and bond abrasive, wear. It also offers the possibility to assess the smearing of the GWAS with workpiece chips and other ground products (crumbled abrasive grains and bond).
The GWAS smearing usually occurs when there is insufficient insertion of coolant into the contact area between grinding wheel and workpiece. Temperature increase in the grinding zone, caused by insufficient cooling and clearing of the GWAS, results in the chips adhering to the grinding wheel surface. This phenomenon is related mainly to grinding materials with poor heat conductivity. In especially hard GWAS operating conditions, large surfaces can be smeared, including abrasive grains and the intergranular spaces. The reason for their appearance is most often excessive material removal rate during the grinding process, grinding wheel wear, as well as small intergranular spaces which do not allow for removal of ground products to an area outwith the machining zone and do not supply enough access points to the grinding zone, to aid insertion of liquid coolant.
Another case, in which SEM micrograph analysis can be successfully used, is in the assessment of the surface condition of tools with modified surfaces or structures. An example of such a modification is impregnating the grinding wheels with anti-adhesive compounds to prevent, or limit, the GWAS smearing phenomenon [4, 17, 24] . This paper presents analyses of some exemplary SEM micrographs of the GWAS after the internal cylindrical grinding process. The micrographs were selected to represent the above-mentioned potential applications of this technique. As a result, an analysis for the GWAS micrographs with the following characteristic elements was developed:
• abraded abrasive grains vertexes;
• microsmearings of the abrasive grains active vertexes;
• macrosmearings of the abrasive grains and intergranular spaces; • with the active substance (sulfur) introduced into the grinding wheel mass in the impregnation process.
Experimental investigations
The experimental investigations were mainly undertaken to check the possibility of obtaining additional information concerning the GWAS condition on the basis of the acquired, properly processed, and computer-analyzed SEM micrographs. Moreover, the investigations were also aimed at analyzing and selecting the proper functions of the Image-Pro Ò Plus 5.1 environment for realization of the above-mentioned procedures.
Characteristics of the samples used in the investigations
The SEM micrographs of the GWAS with ceramic bond and microcrystalline sintered corundum grains underwent the experimental investigations. Four grinding wheels, whose detailed descriptions are included in Tables 1 and 2 , were selected for the investigations.
Micrographs were acquired for the above-described samples. The acquisition was carried out for selected GWAS areas where the following elements could be found: abraded vertexes and microsmearings of the abrasive grains active vertexes, macrosmearings of grains and intergranular spaces, as well as intergranular spaces filled with sulfur introduced during the impregnation process. Before acquisition, the samples were surface-cleaned with compressed air and then placed on a specimen stage located in the vacuum chamber of the microscope. The scanning electron microscope JSM-5500LV by JEOL Ltd. (Japan) was used for acquisition. This device was characterized by the following parameters: magnification range from 189 to 300,0009, resolution from 4.0 nm (high vacuum mode) to 5.0 nm (low vacuum mode), with accelerating voltage 30 kV, pressure in the vacuum chamber from 10 to 270 Pa, accelerating voltage from 0.5 to 30 kV. 509, 1009, 5009 
This section presents the analyses carried out on the four selected micrographs acquired during the experimental investigations. All of the operations on the images were realized using a specialized research environment ImagePro Ò Plus 5.1 by Media Cybernetics. The Authors have already used it before in similar investigations [11, 12, 14] . Figure 2 depicts the results of the image analysis carried out on sample No. 1. In this case it was a grinding wheel with technical designation 1-35 9 10 9 10-SG/F46 K7VDG. The tool was used for internal cylindrical plunge grinding with oscillation in 100Cr6 steel. A micrograph depicting the abraded abrasive grains active vertexes was registered for the GWAS. The image captured a GWAS fragment measuring 5.12 9 3.84 mm, for which fragments with abraded abrasive grains active vertexes were isolated using binarization. Thus, the obtained mask was mapped onto the input image (Fig. 2b) to check whether binarization was carried out in the correct way. Next, using the Count/Size function the software counted all of the dark areas (objects) in the analyzed image automatically (Fig. 2c) . This operation allowed for determining the basic geometric parameters characteristic of the abraded abrasive grains active vertexes (i.e. the areas An, length l and width w). The obtained values were presented statistically. For this purpose the Statistics function was used (Fig. 2e) .
Moreover, all of the selected areas were also sorted according to their area size. The operation was carried out automatically by the Sorted Object Image function (Fig. 2d) . The obtained values of one of the geometric parameters-the An area size, were compared for all of the selected areas (objects). The column diagram (Fig. 2f) includes a referential line which consists of the average area value for all the areas. The diagram analysis concluded that the areas were characterized by similar size, while area (object) No. 21 had the smallest An, which was 504 pixels (2,336 lm 2 ), and area (object) No. 8 had the greatest value An = 17,734 pixels (70,936 lm 2 ). The abraded abrasive grains active vertexes areas consisted of 10.02 % of the total area of the analyzed GWAS fragment. Figure 3 presents the results of image analysis of sample No. 2-the grinding wheel with technical designation 1-35 9 20 9 10-SG/F46 G10VTO. It was used for internal cylindrical grinding in INCONEL Ò alloy 600. In the GWAS micrograph three different-sized microsmearings of the abrasive grain vertexes can be observed. In these cases the analysis mostly consisted of determining the distance between the objects (microsmearings) visible in the image. Fragments, extracted from the input image (Fig. 3a) of size 5.12 9 3.84 mm, were magnified to make the details of microsmearings, in various areas of the analyzed surface, visible. After the binarization process, an image with three selected areas containing the microsmearings was obtained (Fig. 3b) . Area values were calculated for these areas using the Count/Size function. The values obtained in pixels were converted into micrometers and mapped onto the image. Next, using the same function, the coordinates of the centers of mass of particular microsmearing areas and the distances between them were determined (Measurement and Measure Distance functions). Moreover, the angle of tilt of the area with the greatest microsmearing in relation to the grinding wheel axis was calculated. Below (Fig. 3c) are presented the exemplary measurements of the distances between the selected points on the microsmearing areas. The last stage of the performed analysis determined the share of the microsmearing areas in the whole assessed image expressed in percentage terms. The share was 2.98 %. Figure 4 presents the results of the image analysis carried out for sample No. 3. It was a grinding wheel with zone-diversified structure with the technical designation 1-35 9 20 9 10-SG/F46 K7VDG70 %/99A/F80 I7VDG30 %. The active surface of the rough grinding wheel, made from SG grains sized 46, underwent the investigations. The grinding wheel was used in the single-pass internal cylindrical grinding of the bearing rings made from steel 100Cr6. A vast area of macrosmearing of the abrasive grain vertexes and intergranular spaces is visible in the central part of the SEM micrograph acquired for this grinding wheel. The central fragment of the macrosmearing area, and small-sized areas located on its lower right side, were allocated from an image measuring 5.12 9 3.84 mm acquired for sample No. 3, using the Irregular AOI function (Fig. 4b) .
The allocation allowed for complete presentation of the macrosmearing area. Moreover, it facilitated determination of the direction in which the abrasive tool rotated, by observing the marks present upon its surface. After the binarization process, the above-mentioned image (Fig. 4c) was used to determine a number of geometric parameters. The parameter description and the automatically obtained (Count/Size function) values are presented in the diagram (Fig. 4d) . In this case the analysis consisted mostly in determining a large number of geometric parameters describing the GWAS macrosmearing area. Image-Pro geometric parameters. Only those selected parameters that have already been used by the authors (presented in the table given in Fig. 4d) were used during the analysis.
In case of further research, developing a universal parameter set (e.g. from eight to ten) which would be used for geometric description of, among other things, a surface with visible smearings will be considered. The end stage analysis of sample No. 3 determined the macrosmearing share in the whole assessed image in percentage terms, which was 26.17 %. Figure 5 presents the results of image analysis carried out for sample No. 4. In this case it was a grinding wheel with technical designation 1-35 9 20 9 10-SG/F46 G10VTO. The tool underwent the process of impregnation with sulfur and was used in the internal cylindrical plunge grinding process of the Titanium Grade 2 Ò alloy. The SEM micrograph acquired for such a surface presents vast intergranular spaces, devoid of sulfur and filled with sulfur.
Surface fragments containing sulfur (Fig. 5b) were allocated from an image measuring 5.12 9 3.84 mm acquired for sample No. 4, using the Irregular AOI function. It can be observed that the GWAS areas containing sulfur were spread in an uneven manner in the analyzed image, which additionally hampered their visual observation. The sulfur color in images from the scanning microscope was similar to the background color, i.e. of the abrasive grains and the bond. Precise identification and selection of the sulfur-containing areas in the analyzed image was, therefore, necessary. After that, the sulfurcontaining areas were removed, leaving only the background (Fig. 5c ). This allowed for more complete observation of the GWAS shaping and constituted the basis for carrying the binarization process. The post-binarization image ( Fig. 5d ) was used to carry out the analysis, i.e. calculate the summary area of the surface with and without sulfur. Moreover, just like in the case of previous analyses, the share of the sulfur-containing areas was also calculated in percentage terms. In this case it was 37.67 %. The presented analysis was extended with a 3D visualization of the GWAS, realized using the Surface Plot function. This function generates a quasi-spatial mapping of the flat twodimensional input image.
The 3D visualization of the GWAS acquired for sample No. 4 was presented in two variants. In the first variant (Fig. 5e ) a visualization from Fig. 5b presenting the full grinding wheel area, i.e. both with and without sulfur, as well as the background, the abrasive grains, and the bond was generated. In the second variant (Fig. 5f ), a visualization from the image in which the background was allocated (the abrasive grains and the bond), leaving a number of areas with sulfur, was generated. The presented visualizations could form an interesting supplement to the analyses carried out on 2D images. They emphasize certain surface features which are far more visible in the spatial view. This forms the basis for correct interpretation of the information the analyzed images contain.
Conclusions
The GWAS condition assessment, after the grinding processes have been completed, is one of the crucial diagnostic tests of abrasive tools used in modern production industries. At present there exist a number of measurement methods which facilitate such evaluation (stylus and optic profilometry, light scattering methods). Scanning microscopy turns out to be exceptionally useful in those interesting cases of thorough assessment which require a number of measurement methods. The great possibilities this technique offers enables the gathering of interesting data, related to the GWAS condition to occur, which could then complement, or supplement, the measurement results obtained using other methods. This is how the investigations presented in the work should be treated. Through a number of exemplary analyses the authors showed that method utilized is highly effective and useful and that it can diagnostically be applied in the case of abrasive tool surface analysis.
